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Abstract
DC reactors, made by aluminum busbar, are used to stabilize the arc of an electric furnace. In the conventional arc furnace, the 
transport current is several tens of kilo-amperes and enormous resistive loss is generated. To reduce the resistive loss at the DC 
reactor, a HTS DC reactor can be considered. It can dramatically improve the electric efficiency as well as reduce the installation 
space. Similar with other superconducting devices, the HTS DC reactor requires current leads from a power source in room 
temperature to the HTS coil in cryogenic environment. The heat loss at the metal current leads can be minimized through 
optimization process considering the geometry and the transport current. However, the transport current of the HTS DC reactor for 
the arc furnace is much larger than most of HTS magnets and the enormous heat penetration through the current lead should be 
effectively removed to keep the temperature around 70~77 K. Current leads are cooled down by circulation of liquid nitrogen from 
the cooling system with a stirling cryocooler. The operating temperature of HTS coil is 30~40 K and circulation of gaseous helium is 
used to remove the heat generation at the HTS coil. Gaseous helium is transported through the cryogenic helium blower and a single 
stage GM cryocooler.
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1. Introduction
In a conventional electric arc furnace, a DC reactor is usually used to stabilize the arc. Its transport current is several 
tens of kilo-amperes and enormous resistive loss is generated. To reduce the resistive heat loss in the DC reactor, a HTS 
DC reactor can be considered. It can dramatically improve the electric efficiency as well as reduce the installation space
[2], [3]. Similar with other superconducting devices, the HTS DC reactor requires current leads from a power source at
room temperature to the HTS coil in cryogenic environment. The heat loss in the metal current leads can be minimizes 
through the optimization process considering the geometry and the transport current [1]. However, the transport current 
of the HTS DC reactor for the arc furnace is much larger than most of the HTS magnets and the enormous heat 
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penetration through the current lead should be effectively removed to keep the temperature around 70~77 K. Therefore,
cooling system of metal current lead is an important part in the HTS DC reactor of arc furnace. Before the development 
of 50 kA, 200 ȝH HTS DC reactor, a prototype of 5kA, 200 ȝH was fabricated and tested. This paper describes the 
cooling system for the prototype DC reactor. The current leads are cooled down by circulation of liquid nitrogen from 
the cooling system with stirling cryocoolers. The operating temperature of HTS coil is 30~40 K and gaseous helium,
which circulates around the coil bobbin in a cooling channel, is used to remove the heat load in the HTS coil.
2. Design of 5 kA, 200 ȝH class HTS DC reactor
2.1. Design of HTS DC reactor coil
2G HTS wire with IBAD substrate was used for the HTS DC Reactor coil, and brass was used for the bobbin 
material to effectively transport the unexpected fault current. The width and thickness of the HTS wire was 12.07 and 
0.15 mm. The critical current was over 600 A at 77 K, self field.
Table 1 shows the specifications of the HTS DC reactor and Fig. 1 shows dimensions of reactor coil and 3D drawing 
of the assembled system. To reduce the contact resistance between HTS conductors and copper terminal, which was
connected to the metal current lead, step form was applied to the soldering face. Copper tube was also brazed on the 
bobbin surface for the helium channel as shown in Fig. 1 (a).
2.2. Liquid nitrogen cooling system for metal current lead
Since the expected heat load at the metal current leads was about 480 W considering the transport current of 5 kA,
the forced circulation of subcooled liquid nitrogen was considered to remove the heat load. The liquid nitrogen cooling 
system is very similar with that of HTS power cable. To give enough cooling capacity, two stirling cryocoolers (model 
SPC-1) and a circulation pump were used. The operating temperature and pressure is 70 K and 500 kPa. The subcooled 
liquid nitrogen also circulated the radiation shield to remove the radiation heat loss. Fig. 2 shows cooling path of liquid 
nitrogen. The subcooled liquid nitrogen from the refrigeration system goes into the cooling jackets of the metal current 
leads in series. Then, it goes to the radiation shield. 
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Fig. 2. Schematic design of current lead cooling system
The required mass flow rate of liquid nitrogen can be calculated using the heat load and temperature difference (ǻT)
as in (1). The total heat load (QȊ ) at the both current leads is 480 W and the design temperature difference of liquid 
nitrogen is 2 K. Heat capacity is 2.024 kJ/kg·K at 70 K. The required mass flow rate is 0.12 kg/s and the mass flow rate 
is adjusted by controlling the circulation pump.
Fig. 1. (a) Schematic diagram of DC reactor coil; (b) 3D drawing of DC reactor 
Table 1. Specifications of DC Reactor coil
Inner radius of coil 305 mm
Thickness of the wire 2.1 mm (0.15 mm × 14 layer)
Width of wire 12.07 mm
Number of turn 20 turn
Total length of wire 630 m (45 m × 14 layer)
Operating temperature 40 K
Coil inductance 211.3 uH
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2.3. Gaseous helium circulation system for HTS coil
Gaseous helium circulation system is used to cool the HTS coil instead of conduction cooling. For circulation and 
cooling, a cryogenic blower (model;Noordenwind cryofan) and a GM cryocooler (model;RSC40T) were used as shown 
in Fig. 3.
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Fig. 3. Schematic diagram of Gaseous Helium circulation system
The expected heat load is about 30 W including the resistive heating at the copper terminals, joints and radiation heat 
loss. Considering the operation safety, the maximum temperature difference should be less than 6 K when the inlet 
helium temperature is 30 K. The operating pressure is 700 kPa. Heat capacity is 5.33 kJ/kg·K at 30 K, 700 kPa. Then, 
the required mass flow rate of the helium can be calculated as in (2).
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3. Experimental results
3.1. Cool down of current leads by liquid nitrogen circulation
Fig. 4 shows the cool down curve of liquid nitrogen cooling system. It took 10 hours to cool down the saturation 
temperature. After cool down, temperature difference between liquid nitrogen inlet and outlet is 0.5 K and it shows that 
the total heat loss is about 405 W without transport current because mass flow rate was 400 g/s at the initial cooling 
period. Cooling jacket was cooled down to 73 K and the HTS current leads can operate.
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Fig. 4. (a) Temperature measured position of liquid nitrogen system and; (b) Cool down curve at liquid nitrogen system
3.2. Cool down of HTS coil by gaseous helium circulation system
Fig. 5 (b) shows the cooled down curve of gaseous helium circulation system (Fig. 5 (a)). It took 72 hours to the 
saturation temperature. The final temperature of coil was 24.7 K. Considering the cooling capacity map of RSC40T in 
Fig. 5 (b), while the temperature of cryocooler is 18.7 K, the heat loss to the coil is estimated as 32.5 W.
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Fig. 5. (a) Temperature measured position of gaseous helium system and; (b) Cool down curve at gaseous helium system
3.3. 5 kA operating test
Fig. 6 (a) shows the measured voltage and current while ramping up the current. Ramping rate was 5 A/s for each 
step. As shown in the fig. 6, it was possible to transport the design current of 5 kA, the measured total resistance of coil 
was 351 Q. The estimated total heat generation is 8.78 W, for the rated transport current of 5 kA.
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Fig. 6. Measured (a) voltage at whole coil and; (b) temperature at gaseous system
Fig. 6 (b) shows temperature variations for each location. During 5 kA operating test, coil and HTS lead down side 
temperature increased less than 1.5 K.
4. Conclusion
5 kA, 200 ȝH class DC reactor was fabricated with 2G HTS conductor in stacked winding and tested. Test results
show small resistive heat generation. Liquid nitrogen cooling system and gaseous helium circulation system were tested
successfully. The metal current leads were cooled down under 75 K, and the DC reactor coil was cooled down under the 
25 K. At 5 kA operating test, coil voltage was 1.75 mV, heat generation was 8.78 W.
This design and test results will be applied to develop the 50 kA class HTS DC reactor for the real application to 
electric arc furnace. 
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